Language and music are the most impressive examples of humans' capacity to process complex sound and structure. Though interest in the relationship between these two abilities has a long history, only recently has cognitive and neuroscientific research started to illuminate both what is shared and what is distinct between linguistic and musical processing. This review considers evidence for a link between language and music at three levels of analysis: sound, structure, and meaning. These links not only inform our understanding of language and music, but also add to a more basic understanding of our processing of complex auditory stimuli, abstract structure, meaning, and emotion.
Introduction
Speech and music are the most impressive examples of our ability to make sense out of sound. Many have suggested that there might be a relationship between these abilities: to pick just two examples, Charles Darwin famously suggested that language may have evolved from an early musical communicative system, 1 and the American conductor and composer Leonard Bernstein proposed links between several specific aspects of language and music in an influential series of talks at Harvard in the 1970s. 2 Investigations of the relationship between language and music have been approached in many ways and from many disciplines; this review focuses on research within the broad framework of cognitive science that investigates if, and how, the cognitive and neural processing of language and music are related.
The existence and nature of a language-music relationship is intriguing for at least two reasons. For one, studies on the relationship between language and music are often framed as a test of modularity. That is, do language and music rely on independent, encapsulated systems or do they instead rely on domain general processes? The answer is not yet clear: claims of a deep relationship between language and music 2,3 contrast with claims that differences between these domains outweigh what are relatively superficial similarities. 4, 5 Of course, language and music are complex systems that involve many different processes; some of these processes may be shared while others may be domain specific. Therefore, the ways in which language and music rely on shared and on distinct cognitive/perceptual processes is likely to lead to a richer understanding of both domains. A second reason to investigate language-music relationships is that research on transfer from music to language (and vice versa) provides an interesting opportunity to investigate neural (and behavioural) plasticity. In particular, musicians have undertaken intense multisensory training that can lead to relatively dramatic changes in brain structure and function, 6 and this training provides a window on neuroplastic changes and their influence on language processing. This paper reviews recent research on the relationship between language and music broken down into three general domains: sound, structure, and meaning.
SOUND
Perhaps the most obvious point of connection between language and music is that both rely on the analysis of complex sound. Are aspects of musical and linguistic sounds processed in similar ways? One might think not -reports of aphasic patients who can sing but not speak 7 and amusic (tonedeaf) people with no obvious language deficits 8 imply at least some separation of linguistic and musical abilities. And while the early stages of speech and music processing are likely shared--as with any type of auditory stimuli, both are first processed in the bilateral auditory temporal cortices--at some point the processing of language and music diverge with speech processing relying more on the left hemisphere and musical processing relying more on the right. 9 One explanation for this division is that speech perception relies on a dedicated left-lateralized system that is independent of other forms of auditory perception (at least, as soon as a sound is identified as speech); 10 this sort of account predicts little, if any, relationship between the processing of speech and music. 11 However, hemispheric asymmetries for speech and music might not reflect cortical specialization for language and music per se; instead they might reflect more general differences in the auditory processing demands imposed by linguistic and musical stimuli. In particular, the specific aspects of sound that are most important in language and music differ: speech sounds rely primarily on timbre and very rapid temporal changes (on the order of 20-40 milliseconds) whereas musical sounds rely mostly on precise (and relatively slower) changes in pitch, or spectral (frequency) information. 12, 13 By this account, the left hemisphere is relatively specialized for rapid temporal processing whereas the right hemisphere focuses on spectral discrimination. 9, 14 Although this reduction of hemispheric asymmetries to temporal/spectral specialization may be an oversimplification, 15, 16 and theories on the hemispheric lateralization of music are complicated by evidence that lateralization of musical processing shifts as a function of musical training, 17, 18 the insight remains that asymmetries in speech vs. music perception could reflect an underlying auditory basis. Furthermore, lateralization for language and music is relative: both recruit a wide bilateral network of neural tissue, 14, 19 suggesting that hemispheric lateralization reflects a hemispheric bias rather than a discrete specialization for the processing of linguistic versus musical sounds.
Thus one might imagine shared processing of certain aspects of speech and music, in particular of pitch information in speech and of timbral information in music. One might also imagine shared "higher-level" processing that applies to both domains, such as the ability to learn and manipulate abstract sound categories (whether those be based on timbre, time, or pitch). 3, 20 These possibilities have been addressed in two general ways. One is to look for music to language transfer effects--asking if musical skill and/or musical deficits predict how successfully or easily linguistic sound stimuli can be learned or processed. Studies using this approach typically investigate some aspect of speech perception as a function of musical ability, training, or in patients with musical deficits (note that measures of musical skill are sometimes treated as a continuous measure, but studies more commonly compare a group of "musicians" with a group of "non-musicians"). A second approach is to look for language to music transfer effects; for example, by investigating pitch processing in speakers of tone vs. non-tone languages, or by asking if people with deficits in speech sound perception have trouble with musical perception.
Sound: music to language transfer
While it is true that speech does not rely primarily on pitch, the speech signal nonetheless includes important pitch-based information. This is perhaps most obvious in tone languages, where pitch is used contrastively (i.e., these languages include lexical items differing only in their relative pitch or pitch pattern). Tone languages make up approximately half of the world's languages and are common throughout sub-Saharan Africa and Asia (the most widely spoken language of this type is Mandarin Chinese). 21 Even in languages that do not use pitch lexically, a wealth of linguistic and emotional information is conveyed by pitch modulations in speech; for example, consider the intonation difference that signals whether something is a question or a statement in English. This suggests that the ability to process lexical tone, prosodic changes, and the like might rely on the same mechanisms involved in musical perception.
Indeed, there is evidence that musicians are more sensitive to emotional prosodic cues than are non-musicians 22, 23 and are better able to detect small pitch changes in speech as well as in music. 24 Musical training also predicts how well native English speakers learn the lexical tones of Mandarin Chinese. [25] [26] [27] Interestingly, the advantage shown by musicians in linguistic pitch processing is reflected in the fidelity of pitch encoding in the auditory brainstem, [28] [29] [30] suggesting that musical experience exerts effects on very early in the processing of speech, presumably via projections from cortical regions (i.e., corticofugal projections; see ref. 30 for a review).
Although one might expect music to language transfer effects to occur only for pitch-based linguistic contrasts, musical training (and/or ability on musical tasks) predicts skill on some non-pitch related linguistic abilities as well. For example, musicians can better discriminate differences in vowel quality and timing, 31 voice onset time, 32 and can more accurately perceive speech in degraded conditions (e.g., speech in noise) than can non-musicians. 33, 34 Findings like these may reflect a relatively general advantage in auditory selective attention associated with musical training.
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Musical ability also predicts language learning in children, correlating with phonological awareness and reading development, [36] [37] [38] and in adults, predicting how well late learners acquire both receptive and productive second-language phonology (even after controlling for a variety of other relevant factors). 20 It is important to recognize that most of these findings are correlational and thus do not necessarily support a causal relationship between music and language. This concern is lessened, however, given evidence that there are not pre-existing neural, cognitive, motoric, or musical differences between children who do and do not undergo later musical training. 39 In addition, a longitudinal study that pseudorandomly assigned children to training in either music or painting found positive music to language transfer after only six months of training. Specifically, children who received musical training (but not children who received painting training) showed enhanced electrophysiological responses to pitch variations in music and in speech and also showed greater improvements on a behavioural reading task. 40 These findings give considerable support for transfer of musical training to language abilities, but this conclusion is challenged by reports of musical processing deficits in people with no obvious speech perception difficulties. These are people with both congenital and acquired amusia (a form of auditory agnosia that is purportedly specific to music) who seem to have normal language function 41, 42 (see ref.
4 for a review). However, recent findings suggest that congenital amusics actually do have problems with aspects of language that are based on pitch, in particular with speech intonation 43 and, in severe cases, with lexical tone. 44 Deficits in musical pitch perception are also associated with language deficits not based on pitch information per se, namely in phonological and phonemic awareness. 45 Subtle (and, sometimes not so subtle) linguistic deficits tend to accompany acquired amusia (i.e., amusia resulting from brain damage) as well. 46 Evidence for music to language transfer raises the possibility that musical interventions might be useful in the treatment of language deficits. For example, many have noted that aphasic patients can sometimes sing better than they can speak, 7, 47 and indeed there is some evidence that musically based speech therapy can help with recovery of language production following stroke (perhaps by engaging right hemisphere homologues to damaged speech production networks in the left hemisphere). 48 Music therapy may also help improve speech production in Parkinson's disease 49 and in nonverbal children with autism. 50 Music does not only help language production: listening to music after stroke is also associated with better recovery of receptive auditory abilities. 51 The mechanisms of these effects are not yet well understood, and probably involve attentional, behavioural, cognitive and perceptual, as well as emotional and social factors. 52 Nonetheless, the influence of music on language processing suggests that the efficacy of musical therapy for language deficits, as well as the mechanisms underlying these therapies, deserve more investigation.
There is thus mounting evidence for some degree of music to language transfer: musical training and ability are associated with better learning of linguistic sounds and with higher fidelity neural encoding of linguistic pitch information, and the supposedly music-specific deficits in amusia seem to be associated with subtle speech perception deficits. One recent hypothesis suggests that the reason musical ability transfers to language processing is because musical training "exercises" overlapping neural functions in a way that requires more (or at least a different sort of) precision, conveys greater emotional force, is highly repetitive and attention demanding. 53 These demands presumably lead to many of the cognitive and neural changes associated with musical training, and are particularly relevant to the processing of speech.
Sound: language to music transfer
The idea that music to language transfer reflects overlap between these systems suggests that one should observe language to music transfer as well. Although the possible effects of language on musical processing have received less attention than the effects of music on language, there is some evidence that language experience can, in fact, influence musical sound perception. For example, speakers of tone languages show some non-linguistic pitch processing advantages compared to speakers of non-tone languages; in particular in the accurate perception and reproduction of musical pitch intervals and melodies (but not of individual pitches). 54 Fluency in a tone language is also associated with a greater likelihood of possessing absolute pitch. 55, 56 However, tone-language experience does not seem to confer an advantage in relative pitch processing, 57 which is generally more relevant to music perception than is absolute pitch. And, while one might predict that tone language speakers would be less susceptible to congenital amusia than speakers of non-tone languages, amusia appears to be equally prevalent across language types. 44 Finally, the more veridical encoding of pitch in the brainstem associated with speaking a tone language is not necessarily accompanied by better performance on pitch discrimination tasks (in contrast to musical training, which is associated with both higher fidelity brainstem encoding and better pitch discrimination performance). 58 One explanation for this discrepancy between positive and negative findings of language-to-music transfer is that there is an important difference between the perception of pitch per se (in identification and discrimination tasks where language to music transfer has been observed) and perception of pitch intervals (where such transfer does not seem to occur). Alternatively, these mixed findings might be an artefact of the specific language investigated (most work on language-to-music transfer investigates speakers of Mandarin Chinese) or might simply reflect the overall scarcity of research on transfer from language to music.
Language to music transfer is also called into question by cases of aphasia without amusia (i.e., patients with preserved musical ability despite severe language deficits). 7, [59] [60] [61] [62] Perhaps the most famous of these cases is the Russian composer Vissarion Shebalin, who composed several wellreceived works, including his fifth symphony, after suffering a series of strokes that left him with profound language deficits. 60 Tzortzis and colleagues have pointed out that all documented cases of aphasia without amusia involve professional musicians, 62 suggesting that these dissociations may reflect cortical changes in musical processing as a function of extensive training. 17, 18 Alternatively, this might simply reflect musicians' greater opportunity to demonstrate preserved musical competence in the face of severe language difficulties. The critical cases (within the domain of sound processing) are individuals with deficits specific to speech perception without corresponding deficits in music perception, namely cases of verbal auditory agnosia or pure word deafness. There are a few case studies of individuals with pure word deafness who seem to have (relatively) unimpaired musical ability or even increased musical interest/ability 61 (see also Oliver Sacks' book Musicophilia 63 for some interesting anecdotal cases). However these studies have not looked at musical perception in detail (i.e., increased interest in music does not necessarily imply preserved processing of all aspects of musical sounds), and most studies that have looked carefully at music perception abilities find moderate to severe musical impairment in at least some aspects of musical perception. 16, 61 There is thus mixed evidence for transfer from linguistic to musical sound processing overall, though there is relatively little data on this direction of transfer (compared to the larger body of research on transfer from music to language). This reflects practical constraints, at least partially: musical abilities and training vary widely in the population, and so it is relatively straightforward to investigate the influence of intense musical training on other abilities such as language. In contrast, essentially all humans are language experts, thus finding sufficient variability to investigate transfer is somewhat more challenging. Nonetheless, interest is growing in the influence of different types of language background (especially experience with tone compared to non-tone languages) on music processing, with intriguing results so far.
STRUCTURE
Parallels between language and music do not stop with the processing of complex sound; both are richly structured systems and a number of scholars have pointed out similarities between the structure of language and of music. 3 The most well known comparisons of this type are those that rely on insights from formal linguistics to describe musical structure. This tradition goes back to at least the mid 1970s, when the noted composer, conductor, and writer Leonard Bernstein gave a series of lectures inspired by linguistic theory, drawing analogies between language and music. Indeed, formalisms akin to linguistic syntactic theory have been successfully used to describe "musical grammar", focusing primarily on tonal and metrical structure. [64] [65] [66] [67] However, while linguistic and musical structure can be described using similar formalisms, this comparison can be misleading as there are considerable differences in the kinds of structural relationships that they capture. In fact, there may be more differences than similarities between linguistic and musical structure: music has no analogues to many aspects of linguistic syntax like part of speech (e.g., nouns and verbs) or grammatical agreement, and language does not use periodic rhythmic structure in a way comparable to music. 3,5 Nevertheless, there is evidence that structural processing in language and music may indeed rely on shared processes for integrating time-spanning hierarchical relationships.
3,68
Linguistic structure and harmonic syntax
Given that both language and music involve the conversion of complex auditory sequences into meaningful structures, it is reasonable to hypothesize a relationship. Some evidence for this comes from neural similarities in the processing of musical and linguistic syntax. In particular, violations of musical key structure lead to electrophysiological responses that are indistinguishable from those elicited by violations of linguistic syntactic structure, 69 children with syntactic deficits in language processing (specific language impairment) have correspondingly impaired processing of musical syntax, 70 and musical syntactic processing recruits inferior frontal brain regions that are characteristic of linguistic syntactic processing. [71] [72] [73] However, cases where unimpaired processing of linguistic syntax coincides with insensitivity to harmonic structure 74, 75 and cases where significant language impairments (including agrammatism) are accompanied by preserved use of harmonic structure, [59] [60] [61] [62] give strong evidence for a dissociation between at least some aspects of syntax in language and music.
This discrepancy between the neurological overlap and neuropsychological dissociations between linguistic and musical syntax led to the proposal that language and music rely on separate syntactic representations, but also on shared processes to integrate these separable elements (the shared syntactic integration resource hypothesis). 3,68 A key prediction of this hypothesis is that simultaneous processing of syntax in language and in music should lead to interactive effects. This prediction has now been confirmed in both behavioural and electrophysiological experiments where processing difficulty due to linguistic syntactic manipulations interacts with harmonic manipulations in a concurrently presented musical phrase. Such an interaction has been demonstrated for several different types of linguistic manipulations, including syntactic violations, [76] [77] [78] syntactic ambiguity, 79 and syntactic complexity, 80 and emerges even when the harmonic "violation" is actually an acceptable, though structurally unexpected, chord. 78 Importantly, the interactive effects shown in these experiments appear to be specific to syntax, as interactions do not arise with non-structural musical or linguistic manipulations (e.g., timbral unexpectancy in music or semantic unexpectancy in language).
Still, so far only two fMRI studies have directly compared neural activation to language and music in the same participants, and both have found little evidence for overlap. 81, 82 This lack of overlap has been taken to support largely independent neural networks for linguistic and musical syntactic processing, however this conclusion may be premature. For one, neither of these studies isolated structural processing in music and language; in particular, both used relatively coarse manipulations to isolate musically relevant activation (one comparing intact to scrambled musical phrases 81 and one comparing intact music to silence 82 ). Secondly, one study found no left frontal activation for either linguistic syntax or musical syntax. 82 This second point, in particular, supports the view that the frontal regions typically involved in linguistic and musical syntactic processing may not reflect operations of syntax per se, but rather other cognitive processes like working memory and cognitive control that are critical for structural processing. 83 If so, this raises a number of interesting questions about exactly what sorts of shared cognitive processes underlie linguistic and musical syntax. There are (at least) two likely candidates: One is the information manipulation and control processes broadly termed working memory and executive functioning that rely on prefrontal cortical regions. Some tantalizing evidence for a role of executive functions and working memory in musical processing comes from evidence that even short-term musical training leads to improvements in non-musical executive function and verbal intelligence tasks. 84 A second type of process that might underlie structural processing in language and music is implicit learning (i.e., the ability to uncover and abstract structure from noisy input). 85 There is increasing evidence that implicit learning underlies many aspects of linguistic and musical processing, 86, 87 for example, musical training is associated with better learning of both musical and linguistic structures in an implicit learning paradigm. 88 While there is still little work investigating shared roles of executive functions and implicit learning in linguistic and musical structure, the comparison of these two domains may prove critical to understand the specific roles general cognitive abilities play in both domains.
Linguistic and musical rhythm
Musical structure is not just harmonic; musical rhythm exhibits a similarly rich form of hierarchical organization. 64 Although little work has investigated similarities between musical rhythmic structure and linguistic syntactic structure, some intriguing evidence for a relationship does come from evidence that synchronising to polyrhythms activates frontal regions often implicated in syntactic processing in language (those same inferior frontal areas mentioned above). 89 In contrast, there are reports of individuals with selectively impaired musical rhythm perception without noticeable linguistic deficits, 90 although there have not yet been careful comparisons of linguistic and musical rhythm processing in these cases.
There is, however, evidence for relationships between musical rhythm and rhythm in speech. For example, the musical rhythms of a particular language group are related to the rhythm of that language (e.g., Elgar's compositions reflect some rhythmic aspects of spoken English and Debussy's of spoken French), 91, 92 with clear enough differences that even musically untrained listeners can correctly classify instrumental music into different groups as a function of the composer's native language. 93 These differences seem to reflect nonperiodic similarities in durational patterns of speech sounds and notes, and may reflect implicit knowledge of the rhythmic properties of one's native language which is then expressed in music. 3 The rhythmic structure of language can also influence our perception of musical rhythm, for example English speakers tend to perceive repeating sequences of long and short sounds as "short-long" whereas Japanese speakers tend to perceive the same sequence as "long-short," likely reflecting the timing patterns of short phrases in those two languages. 94 These findings suggest that one might observe some transfer from musical training to the processing of linguistic rhythm. Although little work has investigated this hypothesis to date, there is evidence that musical training confers an advantage in the ability to process lexical stress in an unfamiliar language, showing transfer at a prosodic level. 95 Musical rhythm perception has also been linked with non-structural aspects of language processing, in particular with reading ability (as mediated by phonological development) both in normally developing children and in children with developmental dyslexia. 96 The potential relationship between structural processing in language and music (be it harmonic or rhythmic or otherwise) is especially intriguing as structural processes have been argued to reflect a human-specific ability underlying language processing. 97 Given the somewhat contradictory results thus far, an emerging possibility is that structural processes in language and music rely on common underlying cognitive mechanisms that are specialized for neither language nor music. If so, comparative work on language and music could provide an especially useful method to investigate these underlying mechanisms.
MEANING
It may seem surprising to posit a relationship between linguistic and musical meaning. One might even argue that the greatest differences between language and music are in this domain: the communication of specific denotative meanings is a core aspect of language, but it is far from obvious that there is a comparable sort of musical semantics. 98 However, while music does not convey denotative or propositional meaning in a way comparable to language, music does appear to express and/or communicate other types of meaning, especially that with aesthetic, cultural, and emotional content, 99 and there may be interesting parallels between these aspects of linguistic and musical semantics .
This suggests that it is necessary to consider different aspects of meaning to determine where one might find commonalities between language and music. Koelsch 100 divides musical meaning into three categories: intra-musical meaning is meaning that emerges from the intra-relationships of musical information, extra-musical meaning (or designative meaning) is meaning that emerges via reference to the world outside of the music itself, and musicogenic meaning refers to interpretation of the emotional (or other) effects elicited by music (note that Meyer, 101 among others, has proposed similar divisions). Intra-musical meaning is, by definition, specific to music, but relationships with language can be found within extra-musical and musicogenic forms of meaning.
Perhaps most analogous to linguistic semantics is extra-musical meaning, where music refers in some way to something in the world. Examples of this include tone painting, where music is written in a way that imitates something in the world (e.g., descending scales accompanying lyrics about falling), and leitmotifs, which are recurring musical themes that refer to specific person or situation.
Music can also lead to extra-musical semantic expectancies. For example, people show an electrophysiological pattern characteristic of semantic incongruity in language (the N400) when reading a word incongruous with a preceding musical phrase 102 This sort of extra-musical reference is not, however, what people are typically referring to when talking about the meaning of a musical piece. Instead, one more typically refers to the emotional meaning of music (i.e., musicogenic meaning). It is clear that music can be used to express, and perhaps even communicate, a great deal of emotion, 103 and the ability to perceive this musical meaning can be selectively lost with brain damage. 104 And even though linguistic meaning is typically thought of as propositional and designative, language also expresses emotional meaning in ways more comparable to musicogenic meaning via prosodic and pragmatic cues. 3 In fact, the acoustic features associated with emotional expression in music and in speech (features like pitch, intensity, contour, and rhythm) are remarkably similar and listeners can reliably identify intended emotions based on these features in both spoken and musical stimuli. 103 One specific example is that people perceive minor thirds in speech as expressing sadness, just as minor thirds convey sadness in music. 105 These parallels support the hypothesis that listeners may even understand instrumental music by treating it as a form of "heightened speech." 103, 106 
Conclusion
Cognitive scientists are increasingly interested in the relationship between language and music. This review highlighted research on similarities at the level of sound, structure, and meaning. Indeed, there is growing evidence that there are many similarities, both in terms of shared processing and in terms of transfer between these two complex abilities. These relationships have implications not only for our understanding of language and music--important goals in their own right--but also have considerable practical implications for the role of music in education and therapy. Still, it is important to realize that the study of language-music relations is in its infancy and there are a number of areas where research is notably lacking. One limitation deserves particular mention: nearly all the empirical research comparing language and music focuses on Western tonal music.
Investigations of non-Western musical systems will likely provide important insights and challenges to the work discussed above. One interesting new line of research along these lines is work on bimusicality, 107 which likely will relate interestingly to the large body of research on bilingualism. 108 Research on the relationship of language and music is moving beyond the question of modularity to investigate the underlying processes that shape both shared and distinct aspects of these two complex domains. Our growing understanding of the brain's relative specializations for processing different kinds of auditory stimuli, of the cognitive mechanisms underlying structural processing across domains, and of the communicative and expressive nature of both language and music is moving us closer toward a better understanding of our amazing ability to make sense out of sound.
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